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Abstract 

The  visible  and  infrared  luminescence  of  erbium  doped  gallium  nitride  prepared  by  metal-organic  molecular  beam  epitaxy 
(MOMBE)  and  solid-source  molecular  beam  epitaxy  (SSMBE)  were  investigated  as  a  function  of  excitation  wavelength  and 
temperature.  Both  samples  exhibited  1.54  pm  Er3+  photoluminescence  (PL),  but  only  GaN:Er  (SSMBE)  showed  visible  PL  lines 
at  537  and  558  nm.  Excitation  wavelength  dependent  PL  measurements  revealed  the  existence  of  multiple  Er  sites  leading  to  an 
inhomogeneous  line  broadening  of  the  Er3  +  intra-4f  PL  under  above-gap  pumping.  A  significant  narrowing  of  the  green  Er3  + 
PL  lines  was  observed  when  pumping  resonantly  into  an  intra-4f  transition.  This  observation  suggests  that  a  specific  class  of  Er3  + 
ions  was  selectively  excited.  A  temperature  dependent  study  of  the  PL  intensity  ratio  and  lifetime  of  the  green  Er3  +  lines  revealed 
that  the  two  excited  states  2E1i1/2  and  4S3/2  are  thermally  coupled.  Considering  this  thermal  coupling  and  assuming  that 
non-radiative  decay  is  negligibly  small  at  low  temperatures,  the  green  luminescence  efficiency  at  room  temperature  was  estimated 
to  be  near  unity.  ©  2001  Elsevier  Science  B.V.  All  rights  reserved. 
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1.  Introduction 

The  recent  demonstration  of  visible  (blue,  green,  red) 
and  infrared  (1.54  pm)  electroluminescence  from  rare 
earth  (RE)  doped  GaN  has  spurred  significant  interest 
in  this  class  of  materials  for  possible  applications  in 
optical  communications  and  full  color  displays  [1,2]. 
Compared  with  previously  studies  semiconductors  such 
as  GaAs  or  Si  [3],  GaN  has  some  major  advantages  as 
a  host  for  Er  and  other  RE  dopants.  GaN  is  a  wide-gap 
semiconductor,  which  leads  to  a  reduced  RE  emission 
quenching  and  the  observation  of  strong  RE  emission 
at  room  temperature.  In  addition,  initial  studies  have 
shown  that  RE  ions  can  be  incorporated  into  GaN  at 
concentrations  as  high  as  at  least  1  x  1021  cm'3  [1,2]. 
In  order  to  optimize  the  performance  of  current  RE 
doped  GaN  devices  it  is  important  to  obtain  a  better 
understanding  of  the  RE  incorporation,  excitation 
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schemes,  and  luminescence  efficiency.  In  this  paper,  we 
present  new  spectroscopic  results  of  the  photolumines¬ 
cence  (PL)  properties  of  Er  doped  GaN  and  discuss 
them  in  terms  of  different  Er  centers  and  Er  lumines¬ 
cence  efficiency. 

2.  Experimental  details 

The  Er  doped  GaN  sample  prepared  by  metalorganic 
molecular  beam  epitaxy  (MOMBE)  was  grown  in  an 
INTEVAC  Gas  Source  Gen  II  on  In-mounted  (100)  Si 
substrate  [4],  The  GaN  film  was  preceded  by  a  low 
temperature  AIN  buffer  ( Tg  =  425°C).  An  undoped 
GaN  spacer  0.2  pm  thick  was  deposited  prior  to  the 
growth  of  GaN:Er.  Triethylgallium  (TEGa)  and 
dimethylethylamine  alane  (DMEAA)  provided  the 
group  III  fluxes.  A  shuttered  effusion  oven  with  4N  Er 
was  used  for  solid  source  doping.  Reactive  nitrogen 
species  were  provided  by  a  SVT  radio  frequency  (rf) 
plasma  source.  The  Er  concentration  in  the  sample  was 
~8  x  1018  cm'3.  Due  to  the  incorporation  of  carbon 
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and  oxygen  from  residual  ether  in  TEGa,  the  C  and  O 
background  were  ~  1021  and  —  1020  cm~3,  respec¬ 
tively,  as  measured  by  SIMS. 

The  Er  doped  GaN  sample  prepared  by  solid-source 
molecular  beam  epitaxy  (SSMBE)  was  grown  in  a 
Riber  MBE-32  system  on  Si  (111)  substrates  [5].  Ga 
and  Er  solid  sources  were  used  in  conjunction  with  a 
RF  plasma  source  supplying  atomic  nitrogen.  The  sam¬ 
ple  was  pretreated  by  cleaning  in  acetone,  methanol, 
and  deionized  water  before  insertion  into  the  loadlock. 
The  sample  was  subsequently  outgassed  at  ~  950°C 
before  growth.  During  the  growth,  the  Ga  cell  tempera¬ 
ture  was  kept  constant  for  a  beam  equivalent  pressure 
of  ~  8.2  x  10-7  Torr.  The  RF-plasma  source  was  kept 
constant  at  400  W  with  a  N2  flow  rate  of  1.5  seem, 
corresponding  to  a  chamber  pressure  of  mid  —  10  ~ 5 
Torr.  The  growth  temperature  was  varied  from  750  to 
950°C  and  the  Er  cell  temperature  was  maintained  at 
1 100°C.  The  Er  concentration  in  the  sample  was  deter¬ 
mined  to  be  ~  2  x  lO20  cm~3. 

Photoluminescence  spectra  were  measured  using  ei¬ 
ther  the  UV  argon  laser  lines  (333.6-363.8  nm)  or  a 
visible  argon  laser  line  at  496.5  nm.  Infrared  PL  spectra 
were  recorded  using  a  1-m  monochromator  equipped 
with  a  liquid-nitrogen  cooled  Ge  detector.  In  visible  PL 
studies  a  thermo-electric  cooled  photomultiplier  tube 
was  employed  for  detection.  The  signal  was  processed 
using  lock-in  techniques.  The  obtained  PL  spectra  were 
not  corrected  for  the  spectral  response  of  the  setup. 
Visible  lifetime  data  were  taken  by  resonantly  pumping 
into  the  2Hu/2  Er3+  transition  at  ~  537  nm  using  an 
Optical  Parametric  Oscillator  system  (10  Hz,  5-10  ns 


pulses).  A  digitizing  oscilloscope  was  employed  for 
processing  the  lifetime  transients. 

3.  Results  and  discussion 

An  overview  of  the  normalized  visible  and  infrared 
luminescence  from  Er  doped  GaN  prepared  by 
MOMBE  and  SSMBE  is  shown  in  Fig.  1.  The  PL  was 
excited  using  the  multi-line  UV  (333.6-363.8  nm)  out¬ 
put  of  an  argon  ion  laser,  which  corresponds  to  above¬ 
gap  pumping.  Both  samples  exhibited  weak  bandage 
luminescence  (not  shown)  [6],  a  defect-related  back¬ 
ground  PL  band  peaking  around  550  nm,  and  a  nar¬ 
row-band  intra-4f  Er3+  luminescence  at  1.54  pm 
arising  from  the  4Ii3/2->4Iis/2  transition.  In  addition, 
GaN:Er  (SSMBE)  also  showed  intra-4f  Er3+  lumines¬ 
cence  located  at  537  nm  (2H11/2->4I15/2),  558  nm  (4S3/ 
2  ->4I15/2),  667  nm  (4F9/2^4I15/2),  and  1000  nm 
(4I  i  ]  2  — >  4I  ]  s  2).  It  is  somewhat  surprising  that  these  Er 
lines  were  not  observed  in  the  GaN:Er  (MOMBE) 
sample,  even  thus  this  sample  showed  a  weaker  back¬ 
ground  PL  compared  with  the  GaN:Er  (SSMBE) 
sample. 

High  resolution  spectra  of  the  1.54  pm  infrared  lu¬ 
minescence  are  shown  in  Fig.  2.  At  room  temperature 
the  width  (FWHM)  of  the  central  emission  line  was 
estimated  to  be  ~  12  nm  for  GaN:Er  (MOMBE)  and 
~  9  nm  for  GaN:Er  (SSMBE).  At  15  K,  the  PL  spectra 
narrowed  significantly  and  some  sharp  structure  was 
observable  from  GaN:Er  (SSMBE).  The  low  tempera¬ 
ture  linewidth  was  determined  to  be  ~  5  nm  for 
GaN:Er  (MOMBE)  and  ~1.5  nm  for  GaN:Er 
(SSMBE),  respectively.  These  linewidths  are  orders  of 


Fig.  1.  Overview  of  the  visible  and  infrared  luminescence  from  Er  doped  GaN  prepared  by  MOMBE  and  SSMBE. 
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Fig.  3.  Room  temperature  PL  spectra  for  different  excitation  wavelengths,  (a)  infrared;  (b)  visible. 


magnitude  larger  than  those  reported  for  Er  doped 
GaAs  (  <  ~  0.03  nm  at  2  K)  [7],  which  is  most  likely 
due  to  a  combination  of  Stark  splittings  in  the  4I13/2  and 
4I15/2  states  and  inhomogeneous  broadening  arising 
from  Er3+  ions  located  in  slightly  different  local 
environments. 

The  existence  of  multiple  Er  sites  in  GaN  prepared 
by  SSMBE  is  supported  by  an  excitation  wavelength 
dependent  study  of  the  Er3  +  PL  spectra.  It  can  be 
noticed  in  Fig.  3a,  that  pumping  resonantly  into  an 


intra-4f  transition  (/.cx  =  496.5  nm)  leads  to  a  slightly 
reduced  linewidth  of  the  central  1.54  pm  emission  peak 
( ~  8  nm)  compared  with  above-gap  pumping.  This 
effect  was  even  more  pronounced  for  the  visible  emis¬ 
sion  line  at  ~  558  nm  shown  in  Fig.  3b.  Some  fine 
structure  was  clearly  resolved  under  resonant  pumping 
with  individual  lines  having  a  width  ~  1.4  nm.  Under 
above-gap  excitation  only  a  broad  line  with  a  width  of 
~  4.3  nm  was  observed.  These  results  suggest  that  only 
a  subset  of  Er3  +  ions  are  excited  when  pumping  reso- 
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nantly  into  an  Er3  +  level.  Moreover,  it  was  also  noticed 
that  the  visible  PL  lifetime  was  nearly  single -exponen¬ 
tial  under  resonant  excitation  compared  with  a  non-ex¬ 
ponential  decay  time  observed  under  above-gap 
excitation.  A  more  detailed  study  on  the  spectroscopy 
of  the  different  Er3  +  sites  in  GaN:Er  (SSMBE)  is  in 
progress. 

More  information  on  the  green  luminescence  lines 
was  drawn  from  temperature  dependent  PL  studies 
pumping  resonantly  at  either  496.5  nm  (4T ,  5  2  — » 4F7  29  or 
537  nm  (4T , 5  2  -»•  2H ,  ]  2).  The  temperature  dependence  of 
the  lifetime  monitored  at  558  nm  (/mon)  and  excited  at 
537  nm  (iex)  is  shown  in  Fig.  4.  At  15  K  the  lifetime 
was  determined  to  be  11.2  ps  which  reduced  to  6.2  ps  at 
room  temperature.  The  shortening  in  the  lifetime  with 
increasing  temperature  can  be  caused  by  a  number  of 
different  processes  including  a  temperature  dependent 
radiative  decay  rate,  non-radiative  decay  through  multi¬ 
phonon  relaxation  or  energy  transfer.  Several  authors 
have  reported  the  thermalization  of  the  4S3/2  and  2H11/2 
states  for  Er  doped  insulators  [8].  The  thermal  coupling 
leads  to  a  common  decay  time  r,  which  can  be  de¬ 
scribed  as: 

1  _  ts~  1  +  Tjj  Wgsexpl  -  A E/kT) 
t  1  +  gH/gsexp(  -  A  E/kT) 

where  rH  and  rs  are  the  intrinsic  radiative  decay  times 
of  the  2Hn/2  ->4I15/2  and  4S3/2  ->4I15/2  transitions,  respec¬ 
tively,  "h  and  gs  are  their  electronic  degeneracies  (2 J  + 
1),  and  A E  is  the  energy  difference  between  both  exited 
states  (A E  =  87  meV). 


At  low  temperature  the  2H11/2  state  is  not  thermally 
populated  and  no  luminescence  is  observed  at  537  nm 
(Fig.  5a).  Assuming  that  non-radiative  processes  are 
negligibly  small,  the  lifetime  measured  at  15  K  is  inter¬ 
preted  as  the  intrinsic  decay  time  of  the  4S3/2 ->4I15/2 
transition,  i.e.  rs  =  11.2  ps.  The  intrinsic  lifetime  of  the 
2H„/2-4Ii5/2  was  determined  indirectly  from  the  tem¬ 
perature  dependence  of  the  luminescence  intensity  of 
the  green  Er3  +  lines  at  537  and  558  nm  shown  in  Fig. 
5b.  Considering  the  thermal  coupling  of  the  involved 
states,  the  intensity  ratio  of  both  lines  was  fitted  to  an 
expression: 


/h  = 


rsgH/m’H 

zHgshcos 


(2) 


with  hcoH  =  23l  eV,  ha>s  =  2.22  eV,  rs  =  11.2  ps,  and 
A E  =  87  meV.  The  intrinsic  lifetime  of  the  2EI11/2  ->4I15/2 
transition  was  taken  as  a  fitting  parameter  and  a  value 
of  th  ~  0.92  ps  was  obtained.  Using  this  set  of  parame¬ 
ters  the  temperature  dependence  of  the  luminescence 
lifetime  was  calculated  using  Eq.  (1)  as  shown  in  Fig. 
4b  (solid  line).  A  good  agreement  between  experimental 
data  and  theory  was  achieved  using  a  consistent  set  of 
parameters.  This  modeling  indicates  that  the  decrease 
of  the  luminescence  lifetime  with  temperature  is  mainly 
due  to  an  increased  radiative  decay  rate  arising  from 
the  fast  thermalization  of  the  2H11/2->4I15/2  and  4S3/2-> 
4I15/2  transitions.  This  preliminary  analysis  of  the  life¬ 
time  implies  that  non-radiative  decay  processes  are 
small  and,  therefore,  the  green  luminescence  efficiency 
is  near  unity. 
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Fig.  4.  (a)  Luminescence  lifetime  curves  at  30.  180,  and  300  K.  (b)  Temperature  dependence  of  the  luminescence  lifetime  from  15  to  300  K. 
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Fig.  5.  (a)  Temperature  dependence  of  the  green  luminescence  lines  at  15,  180,  and  300  K.  (b)  Integrated  PL  intensity  ratio  of  the  green  PL  lines. 


4.  Conclusions 

The  infrared  and  visible  luminescence  properties  of  Er 
doped  GaN  prepared  by  MOMBE  and  SSMBE  were 
studied  as  a  function  of  temperature  and  excitation 
wavelength.  Under  above  gap  excitation,  both  samples 
exhibited  characteristic  1.54  pm  PL  arising  from  the 
4T 1 3/2  — ^  41 1 5/2  intra-4f  Er3  +  transition.  The  room  temper¬ 
ature  linewidths  of  the  central  emission  peak  were 
determined  to  be  ~  12  nm  for  GaN:Er  (MOMBE)  and 
~  9  nm  for  GaN:Er  (SSMBE),  respectively.  Based  on 
excitation  wavelength  dependent  PL  and  lifetime  mea¬ 
surements  it  was  concluded  that  the  relatively  large 
linewidths  are  partially  due  to  multiple  Er  sites  in  the 
samples.  The  exact  nature  of  these  Er  sites  is  not  yet  fully 
understood  and  needs  further  investigation.  Besides  1.54 
pm  PL,  GaN:Er  (SSMBE)  also  emitted  intense  green  PL 
at  ~  537  and  ~  558  nm.  Compared  with  above-gap 
excitation,  the  visible  lines  narrowed  significantly  under 
resonant  pumping  into  an  intra-4f  Er3  +  transition.  This 
observation  suggests  a  selective  excitation  of  a  subset  of 
Er3  +  ions.  The  temperature  dependence  of  the  green  PL 
lifetime  and  intensity  ratio  reflects  the  thermalization  of 
the  2H11/2  and  4S3/2  excited  states.  Considering  this 
thermal  coupling,  the  efficiency  of  the  green  luminescence 
under  resonant  pumping  was  estimated  to  be  near  unity. 
More  investigations  of  the  luminescence  efficiency  as  a 
function  of  excitation  wavelength  and  Er  concentration 
are  in  progress. 
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